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THE HISTORY OF THE CHROMOSOMAL VESICLES 

IN FUNDULUS AND THE THEORY OF GENETIC 

CONTINUITY OF CHROMOSOMES. 

A. RICHARDS, 
Wabash College, Crawfordsville, Indiana. 

At the Columbus meeting of the American Society of Zoolo- 
gists in 1915, the writer reported the occurrence of chromosomal 
vesicles which could be recognized as persistent entities even in 
the resting stage. Since that time it has been possible to trace 
the history of these vesicles from the metaphase condition of the 
chromosomes through the anaphase, telophases and the various 
stages of interkinesis back to the prophase stage where the new 
chromosomes are fully formed as new bodies which are as dis- 
tinctly chromosomal in character as the more familiar ones of 
the metaphase. This history can now be given with but few 
gaps; and these are of comparatively little importance. The 
bearing of these facts on the hypothesis of genetic continuity of 
the chromosomes is direct and very important. 

The presence of persistent chromosomal vesicles was first 
noted in the study of the eggs of Fundulus heteroclitus which 
had been fertilized with the sperm of Ctenolabrus (Tautogolabrus) 
adspersus, and the history was first made out in a general way 
upon those cleavage nuclei. Subsequently the observations were 
extended to the Fundulus eggs fertilized normally by the sperm 
of the same species, and the gaps in the series filled in from this 
form. So far as could be determined there is no essential 
morphological distinction in the figures presented by the normal 
and the hybrid nuclei. The same account applies to both, 
with the exception of certain points to be noted later, which do 
not apply to the general facts and line of argument here given. 

The first observations were made while working on the hybrid 
eggs to determine the effect of radiation upon the development, 
particularly with the reference to the chromosomes which differ in 
form and which can be recognized as distinct in the hybrid eggs as 
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was shown by Miss Morris following the lines of the classical 
work of Moenkhaus. 

In 1904 Moenkhaus's well-known paper appeared announcing 
the independence of two chromosome groups on the spindles of 
dividing eggs of Fundulus and Menidia hybrids, and the recog- 
nition, based on morphological evidence, of the two groups as 
from the male and female parents respectively. Conklin (1901) 
had already recognized the male and female halves of Crepidula 
cleavage nuclei; Ruckert, (1895) and Hacker (1895, 1902) had 
seen the double nuclei and bilateral distribution of chromatin 
in Cyclops; and Herla (1893) and Zoja (1895) had traced the inde- 
pendent maternal and paternal chromosomes of Ascaris eggs to 
the twelve-cell stage. Moenkhaus, after identifying in the 
normal eggs the chromosomes of Fundulus as straight rods and 
those of Menidia as shorter curved rods, easily distinguished the 
male and female contributions to the cleavage nucleus of the 
hybrid eggs. 

Since then a great deal of work has been done on the hybridiza- 
tion of many animals, and some further studies have been made 
on the crossing of different species of fish. In this group of 
animals, however, cytological observations have not been much 
extended. Yet G. and P. Hertwig figure a double spindle 
showing the portions derived from the two parents, and Miss 
Morris has corroborated Moenkhaus's principal findings in her 
crosses of Fundulus and Ctenolabrus. In the latter case, the 
Fundulus chromosomes, which are small straight rods, as Moenk- 
haus found them, differ clearly from those of Ctenolabrus, which, 
according to Miss Morris, are small and round. 

At Woods Hole; 1 in the summer of 19 14 1 repeated these experi- 
ments of Miss Morris on crossing the eggs of Fundulus with 
Ctenolabrus sperm. Since the reciprocal cross is not easily made, 
and since the fact as to whether the cross is possible was not 
under investigation, my experiments were limited to crossing in 
the one direction. It had occurred to me that some light might 
be thrown on the question of the effects of radioactivity on 
chromatin by treating variously with X-rays the eggs and sperm 

1 1 am greatly indebted to the Director of the 'Marine Biological Laboratory 
for his kind assistance in providing me with the facilities of the laboratory. 
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in these crosses where the chromosomes in the two differ. Ex- 
periments in four series with controls were therefore set up, and 
were treated with long and short exposure to X-rays as follows 
(adopting the series designations used by the Hertwigs in their 
radium experiments). Radiation treatment is indicated by r; 
untreated, or normal eggs and sperm are represented by n. 

Controls. nFQ X nCc? unradiated. 

Series A. nF 9 X wCc? radiated after fertilization. 

Series B. nF9 X rCd 1 . 

Series C. rFQ X nC<?. 

Series D. rF9 X rC<?. 
In general my observations corroborate those of Miss Morris 
as to the regular course of the events in the hybridized eggs of 
Fundulus and Ctenolabrus, and I find very little divergence in 
the behavior of the definitive chromosomes here from that 
described by Moenkhaus for Fundulus and Menidia crosses. 

In general also, my results are in line with those of the Hert- 
wigs in their radium experiments as to the injurious effects of 
the radiation upon the chromatin, shown, for example, in the 
failure of the egg nucleus in the series C, when strongly radiated, 
to take part in the development of the egg, as can be determined 
by the kind of chromosomes present on the spindle. Similarly, 
strongly radiated sperm chromatin in series B is killed and takes 
no part in development. 

In the course of the investigation upon the radiated eggs a 
set of facts was discovered which bear directly upon the ever 
recurring question of chromosomal continuity, and which seemed 
to the writer, worth following out. It is the purpose of this 
paper to set forth those findings, and to show their bearing 
upon the important problem of cell structure, and to give at 
this time the results of the radiation experiments only very 
briefly, leaving them to be presented elsewhere. 

During the early stages of the investigation the material 
studied was chiefly that which had been radiated, and most of 
the drawings given are from those slides. Subsequently, how- 
ever, eggs of Fundulus which were unradiated have been sec- 
tioned, and studied from the same point of view and the con- 
ditions ascertained to be exactly the same as far as the formation 
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of the chromosomal vesicles and their history is concerned. I 
wish to emphasize that neither the fact of the hybridization in 
the Fundulus 9 X Ctenolabrus o* crosses nor the exposure to 
the X-radiation is responsible for the conditions here figured, 
for a full set of figures from normal Fundulus eggs in addition to 
those here presented could easily have been made and exactly 
the same conditions depicted, had the differences been thought 
to warrant the extra effort and time. To neither of these two 
experimental factors can the conditions here described be 
attributed. 

It is quite possible and indeed the writer inclines to this 
opinion, that the treatment with X-rays serves to emphasize the 
vesicular condition of the chromosomes to make more clear 
relationships which undoubtedly already existed. Miss Caro- 
thers finds that X-ray treatment tends to increase the ease 
with which she finds chromatin granules in the peculiar vesicular 
condition which she calls "chromosomal vesicles." 1 It is possible 
that the fact that I first studied the radiated material is ac- 
countable for the recognition of the conditions here, although 
having once worked out the facts there I had no trouble in veri- 
fying the observations in normal untreated and uncrossed 
Fundulus eggs. Many of the findings have been confirmed by 
Miss Pinney in a study of Fundulus eggs as yet unpublished, 
and I have demonstrated my slides to various workers at Woods 
Hole, none of whom had any difficulty in seeing the conditions 
here described. 

This account offers a rather different history of chromosome 
behavior from that usually given. The transition stages from 
one step to another are very clear, however, and do not usually 
permit of any other interpretation, so far as the writer can see, 
than the one here set forth. The new account of chromosomal 
formation and processes connected therewith, it will be seen, is 
easily fitted into the orthodox interpretation without doing 
violence to any important conception of mitotic behavior. It is 

1 This use of the term is unfortunate in the light of its earlier application in the 
sense used throughout this paper. "Chromosomal vesicle" in the sense of Sutton 
and Conklin refers to a vesicular condition of the whole chromosome. Miss 
Carothers has subsequently pointed out that the structure she described is in reality 
a plasmosome vesicle. (Jour, of Morph., 28, p. 465, 1917.) 
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on the details of the transition from one phase of mitosis to 
another that the new conception obtained from the study of the 
processes in Fundulus throws light, and at the same time offers 
a "raison d'etre" for the appearances seen. 

Fundulus cleavage cells show nuclei which are favorable to 
the study of these processes for the very reason that they are 
small in relation to the large amount of cytoplasm present. 
Because of the physical conditions thus engendered, the chromo- 
somes and chromatic structures have a characteristic loose 
arrangement which permits their close study. At the same time 
this renders a study of individual chromosomes, as has been 
done for instance in orthopteran material, impossible. The 
behavior of a group of chromosomes as a whole is easily followed, 
but individual differences as in size in metaphase chromosomes 
are so slight that it is quite beyond the range of practicability 
to follow a single chromosome through the various metamorphoses 
it undergoes. 

The material used in this investigation consisted of Fundulus 
eggs, fertilized as already stated by either Fundulus or Cteno- 
labrus sperm. Eggs were preserved during the early stages of 
cleavage (first five cleavages) , and also during the later stages of 
development, but the cells from the early stages are the most 
favorable for cytological study, and it is chiefly from them 
that the figures are drawn. Fixation was most satisfactory in 
Bouin, although other fluids were also used. Iron haematoxylin, 
variously counterstained, gave the best results. The blastodiscs 
were removed from the yolk and embedded and sectioned 
separately. 

Observations. 

The metaphase plate may serve as a convenient point at which 
to begin observations on the mitotic process. Fig. 1 shows the 
conditions of chromosome and spindle relation in the normal 
Fundulus eggs at the time of maximum condensation of the 
chromosomes in the metaphase. It is from a blastomere in 
the fifth cleavage division. The cytoplasmic mass of such a 
blastomere is quite large as contrasted with the volume occupied 
by the spindle, and of course is large in comparison with the 
amount of chromatin present. This figure shows conditions 
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similar to those which led Van der Stricht to conclude that the 
nuclear sap passes to the poles of the spindle and is equally 
divided by the ensuing halving of the blastomere. The fibers 
are apparently grouped into bundles leaving spaces along which 
the clear streams of nuclear sap may flow to the poles. Van der 
Stricht regards this as evidence that the sap of the dividing 
nucleus gives rise to that of the daughter of nuclei. 

In general the events which take place during the metaphase 
of mitoses in these" eggs at least during the earlier cleavage 
divisions, do not differ greatly from those occurring regularly in 
the majority of animal and plant cells. It is with those phases 
of the mitotic cycle that follow the metaphase and continue until 
the stage of formation of the new metaphase is reached, that are 
of especial note here. 

Fig. 2 shows the conditions obtaining at the moment of 
chromosomal division. Three of a group of chromosomes are 
here half divided and the ends are pulling apart preparatory to 
their separation in the anaphase. Already it is possible to 
detect the chromomeres of which the chromosome is composed. 
The metaphase represents the stage of maximum contraction of 
the chromosomes. It seems that at the moment of separation 
the chromosome begins to loosen up. This may be interpreted 
to mean that their permeability increases at this time; at any 
rate they take in liquid (water or cell sap?) resulting in the 
swelling up of chromosomes and consequent separation of the 
chromomeres. It is in this manner that a chromosomal vesicle 
begins its formation. As a result of this process the chromosomes 
lose their property of staining densely, and until they have passed 
well into the telophase, the walls of the vesicles thus formed 
retain the chromatic stain longest. As the vesicle grows, how- 
ever, it is seen that the latter characteristic is really misleading, 
for the walls are merely lined with very fine granules of chromatin 
which later become separated by the increasing growth of the 
vesicle. 

Fig. 3 is an anaphase. The loosening up process here has 
brought out the true character of the chromosome. A chromo- 
some consists of two substances, linin and chromatin, of which 
the former is in the nature of a sheath or sac, while the latter 
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exists as a mass contained in the sheath. Conklin has described 
a similar structure for Crepidula chromosomes which consist of 
"chromatin enclosed in a linin sheath." Figs. 4 to 7 show suc- 
cessive steps in the anaphase and the various steps in the proc- 
ess of vesicle formation. The chromomeres break up and the 
granules of chromatin become peripherally arranged, and the 
center is for a while free from granules. 

This central cavity of the chromosome does not seem to be a 
definite vacuole, as is figured for instance in some plant chromo- 
somes, but is simply the space within the walls filled in from 
the fluid portion of the cytoplasm. The vesicle is achromatic 
in its interior due to the superficial distribution of the chromatin. 
Gradually there appear very fine strands or fibrils, doubtless of 
linin, growing from the vesicle wall inward and the granules of 
chromatin which accompany them are particularly noticeable 
at the intersection of the fibrils. Later the fibrils become 
stronger and somewhat reticulated, while the granules on the 
inner wall are farther and farther apart, and the vesicle is itself 
in appearance a tiny nucleus in the typical resting stage. When 
the reconstruction of the nucleus is complete, the granules are 
small and fairly equally distributed and do not stain very densely. 
At no time, however, does the nucleus become completely achro- 
matic as is held in some cases. The behavior of the chromosome 
during its reconstruction permits a very rough comparison to an 
elastic bag tightly packed tightly with a fine granular substance. 
As the bag takes in liquid it swells up and the non-soluble 
granular substance becomes rolled up into tiny balls on the inner 
surface, and occasionally chains of the granules extend into the 
interior. 

This interpretation of the chromosome is not unlike Conklin's 
view that these bodies consist of chromatin enclosed in a linin 
sheath. As they move to the poles they are transformed into 
vesicles, the interior of which becomes achromatic, "though 
frequently containing a nucleolus-like body, while the wall 
remains chromatic. These vesicles continue to enlarge and 
then unite into a 'resting nucleus'; the nuclear membrane is 
composed of the outer walls of the vesicles, while the inner walls 
stretch through the nucleus as chromatic portions." The 
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formation of chromosomal vesicles in the anaphases of ova has 
not been a matter of infrequent observation ; and this phe- 
nomenon is not commonly seen in cells other than egg cells. In 
other words, the formation of chromosomal vesicles is, without 
much doubt, correlated with the presence of an unusually large 
amount of cytoplasm. As the chromosomes are transformed 
into vesicles, they absorb, it seems, large amounts of the achro- 
matic material from the cytoplasm, by which they grow to 
resemble the familiar reticular structure. Their true nature 
becomes masked, but as will appear later, is not really changed. 
Vesicular chromosomes have been described in fish eggs by 
Moenkhaus and certain of the figures of Miss Morris indicate 
that she also saw them. 

According to the usual interpretation, and to this Moenkhaus 
subscribes, the individual vesicles fuse with their neighbors and 
these larger ones with each other until at last the entire nucleus 
is simply one great vesicle. Moenkhaus describes the trans- 
formation of the chromosomes into resting nuclei as taking place 
by their conversion into vesicles which during an early stage 
can be distinguished into two groups by the difference in size. 
Then the smaller vesicles "fuse at first into larger ones, giving 
rise to a lobed nucleus. At this state it is no longer possible 
to tell the two kinds of vesicles apart. The fusion continues 
until a single well rounded nucleus results, with all traces of its 
double character lost." 

Increase in size of the chromosome continues through the 
telophase stages and to the resting stage. A rough calculation 
of the growth from the stage (Fig. 7) where the definite vesicular 
character of the chromosomes (late anaphases and early telo- 
phases) is first discernable to the full size found in resting nucleus 
(Fig. 12) indicates a fivefold increase. It is scarcely possible to 
compare quantitatively the amounts of chromatin in the con- 
densed chromosome and in the disperse vesicular stage. But 
one cannot easily doubt that an actual increase has taken place 
in the latter case. It is during this time in all probability that 
the new chromatin is formed in preparation for the ensuing 
division; and at the same time growth in the amount of achro- 
matic substance present would also take place. The swelling 
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up process must of necessity be reversed at the prophase to a 
certain extent, and some of the liquid which had been taken in 
be expelled; as will be described later some shrinkage does 
actually take place. 

During the transformation as well as subsequent to it two 
kinds of vesicles can be distinguished on the basis of size in the 
D series, in the control, and in the A series. The larger ones 
represent the Fundulus chromosomes and the smaller ones those 
from Ctenolabrus. Since in these three sets of experiments the 
eggs and sperm were equally injured (or in the control, were 
equally uninjured) by the radiation, exactly that result was to 
be expected in keeping with the findings of Moenkhaus and Miss 
Morris. The B and C series have contributed little to this phase 
of the investigation, but the conditions, while more complex 
there, apparently offer confirmation of the fact discovered by 
Hertwig that chromatin from radiated nuclei does not take 
part in the spindle to any great extent after development is 
initiated; or, as they have described it, the development in a 
strict sense thus becomes parthenogenetic. It is not to be 
expected therefore that the sperm chromatin in the case of the 
radiated B series, nor the egg chromatin in the C series will 
make any considerable contribution to the development of these 
hybrids. Such condition is found to obtain at least so far as 
my study has extended. 

Figs. 8 and 12 represent various nuclear changes during the 
telophases. The cytoplasmic constriction begins to cut into the 
cell at about the time of Fig. 8; Fig. 12 was drawn from a cell 
in which the division was practically complete. There is very 
little difference between the latter and the resting stage shown 
in the next figure. During the telophase, growth of the vesicle 
continues and the distribution of the chromatin granules takes 
place. Thus the vesicles become approximated to each other 
so that finally there remains no space between them and each 
has conformed to its neighbors in assuming its final shape. Yet 
at all times they can be seen to retain their distinctly individual 
character, and in well fixed material the outlines of each can be 
followed. The figures are inadequate to represent the conditions 
for they are drawn all at one level, and the advantage that 
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careful focusing gives in studying their structure is lost. Some 
of the vesicles are more distinct than others, however, as is shown 
in Fig. 10, where one of them stands out with especial clear- 
ness. It may not be objected to these figures that they are 
tangential sections and that the vesicles really fuse in the center 
of the nucleus, for many of these nuclei extend through three 
sections and in each of the sections the same conditions are seen ; 
if this condition were due merely to the tangential cut of the 
section the second of a series of three would not show the vesicles 
separately as it actually does. 

Reconstruction consists in the further swelling up and rounding 
out of the anaphase vesicles and their close approximation to 
each other in the telophase. In the completely reconstructed 
nucleus the approximation of the vesicles is very close, so that 
they are no longer to be recognized as separated bodies. Yet 
the appearances do not indicate any actual fusion. One sees 
a nucleus consisting of vesicles so closely applied to each other 
that they conform in shape each to the other, and there are 
left no spaces between them. The inner boundaries are less 
sharp than the nuclear membrane, but even the nuclei which 
are only lightly stained show areas marked off from each other 
which represent the tightly packed vesicles. In every resting 
nucleus, whether radiated or not, which I have studied these 
areas can be made out. Fig. 15 represents a fairly typical case, 
although in other nuclei the vescular structure is even more 
apparent. That these vesicular areas do not represent simply a 
delay in the complete fusion can be seen by referring to Fig. 22 
where their walls are still distinct, although the new chrom- 
osomes for the next division have been formed. 

The resting condition of the nuclear vesicles is shown in Figs. 
13, 14 and 15. The first two of these are from eggs before the 
first cleavage division; until they were found the writer did not 
feel sure that the vesicular condition represents more than a 
delay in the fusion and that the final result might be such as 
Moenkhaus has described. Since in these cases there had been 
no preceding division, however, and since it does not seem that 
the unfused condition would persist so long as from the matura- 
tion division and over the fusion of the pronuclei if the parts do 
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not normally coalesce, these resting nuclei gave additional cred- 
ence to the belief that the vesicles maintain themselves over the 
resting stage as separate entities. Subsequent observations on 
the prophase render this position indisputable. (See below in 
connection with Fig. 22.) Careful study under very high power 
with proper conditions of lens definition and illumination on 
well fixed material leave very little doubt that the vesicles do 
remain separate. It is true that a one-to-one correspondence 
cannot be established between the number of vesicles in the rest- 
ing stage and the number of chromosomes in the metaphase 
plate. This is true for two reasons: it is not possible to count 
with accuracy the number of these chromosomes when they 
are most condensed and therefore have the sharpest outline; 
and it is even more impossible to count the number of vesicles, 
for the plane of the section usually passes through some of them, 
and it is too uncertain to attempt to superimpose the vesicles 
of one section on those of the other to make a count, while at 
the same time all of the vesicles cannot be seen in a preparation 
of the nucleus as a whole. The inability to count the number of 
vesicles, however, is hardly an argument against their permanence 
for the reason that they can be followed through the interkinesis 
and prophases as is shown in the later figures. 

These observations on the method of the reconstruction of 
the nuclei have a certain bearing on the problem of the nature 
of the nuclear membrane. Here, at least in its origin, the mem- 
brane is formed of the outer walls of the chromosomal vesicles. 
It may well be that the nuclear membrane of the resting cell is 
more complex than this, due to the interaction between nucleus 
and cytoplasm; indeed, some hold that the outer part of the 
membrane is of cytoplasmic origin, and is therefore more of an 
inner limiting membrane to the cytoplasm than of a constituent 
part of nucleus. The writer sees evidence for this view on 
Figs. 24 and 25 where more or less of the nuclear membrane still 
remains, although the inner vesicular walls have broken down 
and the new chromosomes have already formed. 

Nuclear membranes of the Fundulus type which are really the 
outer vesicular walls find a parallel in the membrane formation 
around single chromosomes which have become abnormally 
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isolated, and have grown into small nuclei distinct from the 
true nucleus of the cell. Such a case Boveri described for 
Ascaris. Except in regard to size and the number of chromo- 
somes entering into them, these smaller nuclei have the same 
structure as those of regular types, and their membranes cannot 
be distinguished from that of the larger nucleus. Boveri's 
minute pathological nuclei are themselves an argument for the 
view that the chromosomes retain their independence in the 
normal completely fused nuclei which is usually described for 
this form. In these hybrid fish eggs, fundamentally the same 
condition obtains, for the vesicles, closely applied to each other 
as they are, actually retain their identity, although no cyto- 
plasmic layer intervenes between them. Vedjdowsky has 
expressed a somewhat similar view in regard to the nuclear 
membrane for he holds that it represents the peripheral portion 
of the certain chromosomes that have become vacuolated in 
their interior. 

Experimental vesiculation of chromosomes has not proven 
difficult to bring about in cleaving eggs. Years ago Boveri 
published the results on Ascaris eggs just mentioned, in which the 
chromosomes may fail to fuse and each form its own nucleus- 
like vesicle, and his observations have been repeatedly con- 
firmed. Conklin's numerous experiments on Crepidula eggs ('12) 
will suffice to show how common a phenomena vesiculation is. 
By various means the chromosomes of the eggs were prevented 
from fusing and each formed in the resting stage an independent 
"karyomere" quite comparable to Boveri's cases. Other in- 
stances might be cited. 

A phenomenon which may be so easily induced as this one is 
most readily understood if one thinks of the normal nucleus in 
interkinesis as consisting of closely crowded entities, the vesicles, 
derived from the telophase chromosomes, which never normally 
coalesce. This means that the unusual conditions of the experi- 
ment merely push them a little apart from each other. As in 
the case of a catalyzed reaction, a condition which already 
exists may be modified easily, while it is very difficult indeed to 
bring about an entirely new set of relationships between elements 
not normally reacting. 
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Conklin has developed the idea of karyomeres, or chromosomal 
vesicles, basing it upon his observations and experiments, to 
such a stage of completion that he can show all stages of combina- 
tions from single vesicles on up to that of the entire complex. 
He figures cases that very closely resemble amitosis as shown by 
various workers, and suggests that this superficial resemblance 
may be a source of error in some at least of the observations 
upon which the claims of the occurrence of amitosis have been 
made. This suggestion may be reiterated here, for it is obvious 
that if there should be an indention between two of the vesicles 
in the resting stage of a Fundulus nucleus, direct division would 
be at once called to mind. 

The polarity of the cell is definitely maintained in dividing 
Fundulus eggs. As the chromosomes pass to the poles their long 
axes lie in the cell axis, which passes through spheres and nuclei, 
and the vesicles are formed with this polarity. Cytoplasmic 
division follows only slowly after nuclear division and the 
nucleus has entered upon the phase of interkinesis by the time 
that the cytoplasmic separation is accomplished. Also before 
cytoplasmic separation, the centrosome divides and each half 
traverses an arc of 90 in preparation for the next division. 
This results in the establishment of a new cell axis at the right 
angles to the old. Thus for a time the old and the new axes 
exist together, the daughter nuclei themselves marking the 
old and their divided centrosomes the new. Fig. 16 is such a 
case, the two cells shown having arisen from the result of the 
division of an ectodermal cell of a blastula. The line con- 
necting the points A and B represents the axis of the parent 
cell, while CD and EF respectively mark the axes of the daughter 
cells. The fact that the two latter are nearly perpendicular to 
each other is of significance when it is remembered that in the 
next division the upper of these cells will produce the two ecto- 
dermal cells and the lower two mesodermal. 

The polarity is recognizable in the vesicles in many cases, 
the longer axes of the vesicles in general lying in the cell axis. 
It is, therefore, evident that about the time of centrosomal 
separation the polarity of the vesicles changes. Earlier oriented 
with respect to the old sphere, they have now shifted to the newly 
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established axis. Whether this is by an actual revolution of the 
entire vesicle, or only by a change of shape so that its short 
diameter now becomes its long axis is not clear, but it seems 
probable that the former process takes place. When condensa- 
tion occurs and the new prophase chromosomes are formed they 
show the polarity in a very striking manner, almost every chromo- 
some in the spireme stage being oriented in the long axis of the 
forming spindle (see Fig. 22) . This of course is to be expected 
in view of the definite polarity of the vesicles in the prophase as 
shown in Fig. 17. 

In reconstructing nuclei where the fixation is not quite perfect, 
the walls of the vesicles sometimes cannot be seen. They are 
very delicate and require a very complete fixation if they are to 
be preserved in their entirety. When the nucleus enters upon 
the first steps of the prophase and liquid is extruded from the 
vesicles so that they shrink or condense, the walls are particularly 
difficult to preserve. This results in an artificial running to- 
gether of the granules into irregular clumps. Yet the area form- 
erly occupied by the vesicle is still to be seen separating one 
clump of chromatin from the next, and the nuclear membrane is 
still retained although in a shrunken condition. The chromatin 
so massed by the irregular plasmolysis of the walls of the vesicles 
in some instances comes to resemble a prophase chromosome. 
Mere clumps of chromatin granules, however, with nuclear 
membrane intact and the inner vesicle walls gone indicate 
artifacts rather than normal conditions. Yet even they serve 
to suggest certain facts which are represented in the normal nuclei. 

The new chromosomes arise within the old vesicles. When 
the writer first began the study of this phase of the subject, he 
was led to expect that the shrinkage which takes place at the 
beginning of the prophase as shown in Figs. 13, 17, and 18, 
would continue and the formation of the new chromosomes 
would be simply the reverse of the process by which the vesicles 
had been formed. Such is not the case, however, for it is now 
certain that the new chromosomes arise endogenously. The 
formation begins within the vesicle with the gradual increase in 
size and the aggregation of the chromatin granules upon its walls. 
The typical condition of the vesicles during rest shows small 
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granules distributed fairly uniformly throughout it. Succeeding 
this stage of general chromatic dispersion the vesicles appear to 
shrink, expressing part of their water content; this phenomenon 
is manifested doubly, first by the clear non-fibrillar area about 
the nucleus, the extent of which before shrinkage is thus marked, 
and second by the concentration of the contents of the vesicle, 
which in fixed material appears denser and takes more orange G 
than before. Coincident with this change the amount of chroma- 
tin appears to increase and the aggregation of the granules takes 
place, the larger masses of chromatin appearing along the peri- 
phery and perhaps extending into the center along a single 
thread. The aggregation continues until masses the size of the 
chromomeres of the anaphase are formed and have become 
arranged in a linear series. The linin sheath about this linear 
aggregation of chromomeres forms early. This structure is the 
new chromosome and must be thought of as chromosomal in 
nature quite as much as the more familiar metaphase stages. 
When it is completely formed the walls of the vesicle may be 
seen to be gradually dissolved and the denser contents to diffuse 
into the cytoplasm. About this time or a little later the split 
of the new, or filial, chromosome takes place, each chromosome 
and chromomere showing it about equally. 

Figs. 17 and 18 show the first sign of the next division. The 
chromatin granules are well dispersed and the vesicles definitely 
oriented, while the pre-mitotic shrinkage has taken place. In 
Fig. 19 the aggregation of the chromatin granules has begun 
and the vesicles in this state can always be recognized as about 
to divide. In Fig. 20 is seen the linear arrangement of the 
chromomeres, a process which is well advanced in Fig. 21. In 
this latter case indeed the chromosomes are well formed and 
the linin sheaths can be made out. In these figures the walls 
of the vesicles are not as clear as in some cases, but the denser 
gel-like portion still shows the form and relationships of the 
vesicles. There would seem to be some variation as to the 
exact time when the disappearance of the walls takes place, in 
relation to the development of the spindle structures at least. 

Figs. 21 and 22 are prophases in the spireme stage, early and 
later. Fig. 22 is an especially clear case showing the newly 
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formed filial chromosomes while at the same time the walls of 
the old vesicles have not yet disappeared. In the upper part 
of this figure they are less distinct, but elsewhere the vesicles are 
easily seen in their entirety. The walls stand out clearly and 
take the orange stain strongly, so that there can be no mistake 
about their presence. The spheres are not shown in the plane 
of this section, but the spindle fibers indicate the polarity with 
most of the chromosomes oriented in the spindle axis. 

Of the greatest importance is the evidence presented in Fig. 22. 
The presence in the vesicles, the walls of which are still intact, 
of the new filial chromosomes, for these spireme structures are 
now definite chromosomes, is the crux of the argument for 
chromosomal continuity. It is not difficult to follow through 
the history of the vesicles from the time of their earliest forma- 
tion out of the metaphase chromosomes thorugh anaphases, 
telophases, and interkinesis, and to see that the vesicle represents, 
so far as the chromosomal bodies are concerned, a continuous 
unit of structure. The parental chromosomes are not lost in 
the vesicle stage; they are merely metamorphosed, appearing 
in a new form and the chain of the continuity is never broken. 
In the vesicles the continuity is still maintained throughout the 
resting period of the nucleus and it is only in the late prophase 
of the daughter generation that the vesicular walls disappear. 
But before that disappearance, the new filial chromosomes have 
been formed and are in the so-called spireme stage, representing 
uninterruptedly the persistent continuity of the units with 
which the cycle started in the parental metaphase. In this 
spireme stage the chromosomes are as definitely chromosomes 
as in the metaphase which immediately succeeds, and they have 
only to condense further and to attach themselves to the spindle 
to enter the metaphase, a process obviously favored by the dis- 
solution of the nuclear walls. 

In Fig. 23 all traces of the vesicle walls have disappeared and 
the chromosomes resemble the late prophase chromosomes of 
many animals. This is the only case in which the longitudinal 
split is seen, and it may be that it is really precocious, or that 
the figure represents the facts only in part. In most nuclei in 
which the chromosomes are well formed the spindle development 
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has progressed farther than in this case. These split chromo- 
somes are suggestive, however, when compared with such chromo- 
somes as shown in Fig. 2. 

The manner of attachment of the fiber to the chromosomes and 
the steps leading to the metaphase plate condition are shown 
in Figs. 24 and 25. Fig. 24 is an oblique section in which there 
is only one sphere. The walls of the vesicles at the polar end of 
the nucleus are gradually disappearing and the fibers are making 
their way to prophase chromosomes ; traces of the walls however 
can yet be seen. In the next figure the attachment of the fibers is 
practically completed and the chromosomes have become defin- 
itely placed upon the spindle. While in general they were ori- 
entated in the prophase with their long axis in the spindle axis, 
they become definitely "drawn" into place with the attachment 
to the fibers. The condensation of the chromosomes and their 
final arrangement on the spindle completes the cycle and brings 
us again to the stage shown in Fig. 1 . 

These last two figures are interesting also for their likeness 
to the conditions found by Van der Stricht in the egg of Thysano- 
zoon. In this form the spindle and its fibers can be differentiated 
into several parts. The principle cone, "cone principaux," of 
fibers corresponds to the mantle fibers and is composed of those 
which attach to the chromosomes themselves. Just outside 
these but still in the area of the nucleus is a cone of fibers which 
do not attach; this Van der Stricht called "cone accessoire." 
Finally out in the cytoplasm is to be seen a series of the fibers 
which interlock with those from the other end of the spindle; 
these are the "fibers cytoplasmique." In Fundulus eggs exactly 
the same conditions seem to prevail (Figs. 25 and 1). 

As the central spindle fibers make their way to the chromo- 
somes and attach to them there is a gradual movement of the 
chromosomes to the equator of the spindle to form a plate. 
During this movement the last stages in the condensation of the 
chromosomes takes place, resulting in the formation of the 
densely staining metaphase rods, such as were figured by Moenk- 
haus and Miss Morris. As they condense the chromosomes 
increase in thickness, so that the metaphase chromosome is both 
shorter and broader than that of any other stage. The nuclear 
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sap also becomes completely diffused into the cytoplasm by 
this time, and no distinction can be seen. The final event lead- 
ing up to the formation of the plate is a change in position of 
the chromosomes with the reference to the axis of the spindle. 
Previously oriented with their axes parallel to that of the spindle, 
they now come to lie at right angles with their free ends pointing 
towards the periphery. When this stage has been reached the 
plate is fully formed. 

Thus it is possible to follow out the history of the chromosome 
group in the early cleavages of Fundulus without a single break 
in the continuity from the metaphase of one generation to that 
of the next. It should perhaps be pointed out again that this 
account refers to no particular mitosis. In all of the early 
cleavage divisions in which the nuclear structures are large enough 
for study the facts are as here related. 

Since making the above observations on Fundulus the writer 
has been able to extend them to many stages of the eggs of 
Corregonus albus, and to satisfy himself that the behavior of 
nuclear structures is essentially similar in both fish. 

Figs. 26 to 29 do not add any direct proof to the theory of the 
continuity of the chromosomes, but they serve to throw a side 
light on the process of spindle formation, at least as it occurs in 
the gastrulae of this form. The writer has not seen the same 
conditions in the early cleavage cells and does not presume to 
claim that they occur there, but since the gastrula shows these 
rather unusual phenomena, they may be set forth here to assist 
perhaps in the interpretation of similar appearances elsewhere. 
At the beginning of the prophase, the formation of the central 
spindle takes place between the centers that are here divided 
and are passing to the opposite side of the nucleus. This proc- 
ess, it will be noted, occurs at a relatively later period in the 
division of the gastrula cells than in the earlier cleavage cells. 
Fig. 27 is a face view of a spindle of this type a little farther 
developed ; certain of the chromosomal vesicles become separated 
to make way for the developing spindle which gradually sinks 
down between them and is thus ready for the attachment of the 
fibers to the chromosomes whenever the latter are formed. It 
might be thought by analogy with such forms as Crepidula that 
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Fig. 27 really represents the male and female halves of the 
nucleus. That this is not the case, however, is shown by Fig. 28 
in which only the Fundulus chromosomes are visible. Miss 
Morris found that in Fundulus cytoplasm the Ctenolabrus 
chromosomes are small round bodies, distinctly differentiated 
from those of Fundulus. This observation I can corroborate; 
the cytoplasm modifies the character of the foreign chromosomes, 
and they can be recognized as different from those of the egg. 
The egg from which these four figures were drawn was fertilized 
with Ctenolabrus sperm that had been subjected to X-radiation 
for fifteen minutes; this is sufficient duration of time for the 
radiation to kill the male chromatin, which therefore made no 
contribution to the development of the egg and is not repre- 
sented, as is shown by Fig. 28 which contains only Fundulus 
chromosomes. Since there is no male contribution to this 
nucleus, the interpretation that Fig. 27 shows merely the male 
and female halves of the nucleus is not valid. Rather the true 
state of affairs is made clear by Fig. 29 which is a cross-section 
of such a nucleus as is shown in Fig. 27; the central spindle 
makes its way through the groove shown on the upper side of 
the nucleus. 

Discussion. 

(a) Chromosomal Vesicles. 
While there are numerous cases cited in the literature which 
would seem to give the conception of the constitution of chromo- 
somes and resting nuclei here set forth a fairly wide application, 
the writer does not care to attempt a generalization from these 
observations extending the principle to other forms, although 
some of the cases which support these findings must be given. 
Any generalization at this time would seem unwarranted for 
too many instances are known where neither the chromosomes 
nor the chromatin during rest seem to answer exactly to these 
descriptions. There are many cases, for example, in which the 
chromosomes, judging from their behavior in the prophases, may 
be regarded as made up in chromatin granules strung upon a 
linin thread, and it is even possible to identify the granules in 
homologous chromosomes. How such a structure is to be derived 
from a permanent vesicular chromosome is not yet clear, al- 
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though this derivation is perhaps thinkable. The account here 
given aims rather merely to present the conditions as they are 
found in the fish eggs which I have studied, and to point out that 
these facts may have significance for current cytological and 
genetic speculation. 

Conklin in his studies on Crepidula (1902) has perhaps fol- 
lowed out the history of the chromosomal vesicles, or karyomeres, 
as he calls them, more completely than any other observer. Of 
the behavior of the Crepidula chromosomes he says: "In large 
cells where the divisions succeed one another at short intervals 
the chromosomes begin the growth characteristic of the daughter 
nuclei, the absorption of substances from the cell body, before 
they have fused together, whereas in small cells or cells which 
divide only at long intervals the chromosomes fuse before the 
absorption of achromatic material begins." 

"The history of the nuclear changes during the cycle of divi- 
sion may be summarized as follows: (1) The chromosomes, 
consisting of chromatin enclosed in a linin sheath, divide and 
move to the poles of the spindle where they partly surround the 
spheres. (2) Here they become vesicular, the interior of the 
vesicle becoming achromatic, though frequently containing a 
nucleolus like body, while the walls remain chromatic. (3) The 
vesicles continue to enlarge and then unite into the ' resting 
nucleus'; the nuclear membrane is composed of the outermost 
walls of the vesicles, while the inner walls stretch through the 
nucleus as chromatic partitions; the chromosomal vesicles from 
the egg and sperm nuclei remain distinct longer than those from 
the same nucleus. (4) The chromatin of the inner alveolar 
walls then aggregates into threads, giving rise to a 'chromatic 
reticulum,' though the linin still preserves, for a time at least, 
the alveolar structure. (5) The chromatin of these threads then 
separates into spherules, which are connected together by linin 
threads; these spherules vary in size, and at first are solid, and 
stain alike. (6) They become hollow and are differentiated 
into oxy- and basichromatin. (7) In the first maturation, each 
of the basichromatin spherules, or bodies, grows into an indi- 
vidual chromosome; in the cleavage, the basichromatin spherules 
unite into several linear series, thus forming a segmented spireme. 
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(8) The oxychromatin spherules grow smaller and are dissolved 
in the nuclear sap while others are arranged in series on the linin 
threads into which they are formed ; these threads with attached 
spherules form the spindle fibers." Thus the relation of the 
old vesicle to the new chromosome is followed out. 

Evidently from this description there is a close parallel between 
the behavior of the chromosomes of Crepidula and those of 
Fundulus eggs. Much of this summary will fit, word for word, 
the conditions which have been delineated in the preceding 
pages, although in Fundulus the vesicles do not fuse in the resting 
stage. 

Conklin points out the fact that "such vesicles are found 
generally, if not uniformly, in the early divisions of the ova> 
though they are not usually found in other mitoses." He 
attributes this to the difference in size and rapidity of division 
of the blastomeres as compared with tissue cells, and concludes 
"that in the large cells where divisions succeed each other at 
short intervals, the chromosomes begin the growth characteristic 
of the daughter nuclei, i. e., the absorption of substances from 
the cell body, before they have fused together, whereas in small 
cells or cells which divide only at long intervals the chromosomes 
fuse before the absorption of achromatic material begins." With 
this conclusion the facts as found in Fundulus in general are in 
accord. 

In both kinds of eggs also the growth stages of the daughter 
nuclei are quite alike. In Crepidula "after the fusion of the 
chromosomal vesicles to form the daughter nuclei, the latter 
continue to absorb achromatic material, growing larger and 
larger until the prophase of the next division. A part at least 
of the achromatic material absorbed is derived from the sphere 
which in turn contains interfilar substance of the spindle and 
aster. This recalls the conclusions of O. Hertwig in which he 
points out that in the formation of the daughter nucleus the 
chromosomes absorb ' Kernsaf t ' and become vesicular, the proc- 
ess being the reverse of what occurs in the beginning of division 
where ' Kernsaf t' is set free into the cell body. A similar view 
was held by Butschli . . . ." 

The most important point of difference between Conklin's 
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observations and mine is the matter of ultimate fusion of the 
chromosomal vesicles in the resting stage, and the formation of 
the new chromosome in the vesicle. In Fundulus there can be 
no doubt that a direct continuity exists between vesicle and 
prophase chromosome and that the vesicles do not fuse during 
the rest period. One is compelled to suspect that Crepidula 
offers less favorable opportunity for the study of this particular 
detail than Fundulus. Conklin himself believed that there is a 
real independence of the vesicles although they appeared to fuse, 
and it may be inferred from the following paragraph that he 
expected their persistent identity throughout the resting nucleus 
to be proven in time. The observations on Fundulus may be 
taken as a confirmation of his view expressed in 1902. 

"It sometimes happens, especially in eggs in which more than 
the normal number of centrosomes and asters are present, that 
some or all of the chromosomal vesicles do not fuse but remain 
distinct through the whole resting period. In such cases each 
of the vesicles behaves like a minature nucleus, absorbing the 
achromatic material and forming a network of chromatin either 
within the vesicle or on its walls. In this growth and differentia- 
tion the vesicle keeps pace, step by step, with the normal nucleus, 
so that one must regard the resting nucleus as virtually com- 
posed of vesicles, though their union may be so intimate as to 
hide this structure. The resting nucleus is not, therefore, a 
single structure any more than is the nuclear plate. It is com- 
posed of units each of which so far as known, has the properties 
of the entire nucleus, and the union of these vesicles into a single 
one may be considered as a secondary character. It is altogether 
probable that the chromosomes and hence the chromosomal vesi- 
cles, preserve their identity throughout the resting nucleus." 

Moenkhaus also was unable to see in the nuclei of the resting 
cells evidences of separate chromosomes, yet he too, believed that 
the substance of each chromosome forms a persisting unit. We 
may expect then that the next step in the proof of chromosome 
continuity and persistence is the recognition of structures in the 
resting nuclei which can be homologized with the chromosomes 
of the metaphase plate. This I believe is accomplished in the 
fish eggs of my experiments. Moenkhaus states the case as 
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follows: "The question whether the individual chromosomes 
persist through the resting stage so that upon the resolution of 
the reticulum into the chromosomes the same component chroma- 
tin granules again go together to make the same chromosomes 
from which they were derived is a question first raised by Rabl 
and later definitely stated by Boveri. Since that time so much 
evidence has accumulated to support this conclusion that it has 
come to be rather generally accepted. Even a general review 
of the evidence is unnecessary here. Such a review would show 
that the fact has never been definitely demonstrated. Some of 
the most direct evidences yet given are the observations of Herla 
and Zoja on the Ascaris hybrids in which it was shown that the 
small chromosomes of the variety univalens which entered the 
resting nucleus with the larger ones of the variety bivalens again 
emerged in characteristic form. Equally strong evidence is now 
afforded by my observations on hybrid fishes. Here, as in the 
Ascaris hybrid, two kinds of chromosomes enter the resting 
nucleus from which each kind again emerges. As long as the 
two kinds remain grouped, as during the two divisions, this fact 
has little added significance, since within each group it would be 
perfectly possible for the component chromosomes to exchange 
chromatin granules during the resting period. If, however, as 
occurs in the later cleavages, the two kinds of chromosomes 
become mingled the chromatin granules of both kinds must lie 
mingled together within the resting nucleus. If from a nucleus 
the two kinds again emerge, it amounts almost to a demon- 
stration that the chromatin substance of a given chromosome 
forms a unit and that the unit persists." 

The evidence presented by Conklin and by Moenkhaus most 
nearly touches the subject of my investigation of any that I have 
found in the literature. Both of these workers failed to see in 
their material that the chromosomes may actually be discerned 
in the nuclei during rest as distinct vesicles. Yet both believed 
that a continuity of structure does exist and that the chromo- 
somes form persistent, independent units. My material offers 
more complete and direct evidence that the vesicles persist and 
leaves little room for doubt that the conclusion of the observers 
mentioned is the correct one. 
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Sutton (1900) was the first of a group of cytologists working 
on the chromosomes of grasshoppers to point out that in the early 
stages of nuclear formation each chromosome forms a vesicle 
about itself, but thought that later the proximal ends of these 
fused, a condition which he interpreted as supporting the idea 
of chromosome individuality. His conception of a chromosome 
is not unlike that of Conklin, and has since been amply confirmed. 

The occurrence of the chromosomal vesicles is quite common in 
the eggs of animals, and it has also been reported in certain other 
tissues as well. The following list is presented merely to give 
a few examples; it is in no way complete, but will serve to show 
the wide distribution of the phenomenon. 



Name, W. G. Von, 

Trans. Conn. Acad., 

Vol. X., 1899. 
Goldschmidt, R., 

Zeit. f . wiss. 

Zool., Bd. 71, 1902. 
Von Kemnitz, G. A., 

Arch. f. Zellf., 

Bd. 10, 1913. 
Grille, 'K., Arch. 

f. Zellf., 12, 1914. 
Boveri, Th., 

Merkel u. Bonnet's 

Ergebnisse, 1891. 
Lillie, F. R., Jour. 

Exp. Zool., 12, 1912. 
Mead, A. D., Jour. 

of Morph., 13, 1897. 
Lefevre, G., Jour. 

Exp. Zool., 4, 1907. 
Wilson, E. B., 

The Cell, 1900. 
Boveri, Th., Zell- 

studien, IV., 1900. 
Buchner, P., Arch. 

f. Zellf., 6, 191 1. 
Konopacki, M., Arch. 

f. Zellf., 191 1. 
Schaxel, J., Arch. 

f. Mikr. Anat., 

Bd. 76, 1911. 
Bury, J., Arch. f. 

Entw., 36, 1913. 



Planorbis, early Figures vesicles in anaphases. 

development of 

eggs. 
Polystomum eggs. 



Branchycoslium 
eggs. 

Gyrodactylus 

elegans eggs. 
Ascaris eggs. 



Nereis eggs. 
Chcetopterus eggs. 

Thalassema first 

cleavage. 
Toxopneustes egg 

cleavage. 
Echinus eggs. 

Sea urchin. 

Sea urchin. 

Strongylocentrotus 
egg- 

Echinoid egg 

cleavage. 



Karyomerites, at first one to a chro- 
mosome; later fuse and are not 
recognizable. 

Karyomerites which later fuse. 



Karyomerites which fuse later. 

Accidentally separated chromosomes 

produce vesicles, from which new 

chromosome arises. 
Figures vesicles in telophase; later 

fuse in reconstruction. 
Figures show what are probably 

chromosomal vesicles. 
Vesicles in anaphases; later they 

fuse. 
Figures vesicles in telophase. 

Figures vesicles in anaphase. 

Karyomerites in first partheno- 

genetic maturation division. 
Vesicles produced experimentally; 

thinks of them as nuclear budding. 
Vesicles in telophase; they fuse, 

then alyeolize, producing fine 

nuclear network. 
Karyomerites in early stages. 
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Smallwood, M., 
Morph. Jahrb., 33, 
1905. 

Lillie, F. R., Jour. 
Morph., 17, 1901. 

Conklin, E. G., 

Jour. Phila. Acad. 

Nat. Sci., 15, 1912. 
Hacker, V., Arch. f. 

Mikr. Anat., 46, 1895. 
Ruckert, J., Arch. f. 

Mikr. Anat., 45, 1895. 

Kuhn, A., Arch. f. 
Zellf., 1, 1908. 

Amma, K., Arch, f . 

Zellf., 6, 1911. 
Bigelow, M. A., Bui. 

Mus. Comp. Zool., 

XL., 1902. 
Sutton, S. S., Kans. 

Univ. Quart., 9, 1900. 
Otte, H., Zool. Jahrb., 

24, 1907. 
Davis, H. S., Bui. Mus. 

Comp. Zool., S3, 1908. 

Pinney, E., Kans. Univ. 
Sci. Bui., 4, 1908. 

Wilson, E. B., Jour. 
Exp. Zool., 13, 1912. 



Wenrich, D. H., Bui. 

Mus. Comp. Zool., 60, 

1916. 
Medes, G., Biol. Bull., 

9. 1905- 

Conklin, E. G., Jour. 

Phila. Acad. Nat. 

Sci., 13, 1905. 
Moenkhaus, W. J., 

Amer. Jour. Anat., 3, 

1904. 
Morris, M., Jour. Exp. 

Zool., 16, 1914. 



Nudibranch eggs. Telophase vesicles which later fuse. 



Unio eggs. 

Crepidula eggs. 

Cyclops eggs. 
Cyclops eggs. 



Daphina 

parthenogenetic 

eggs. 
Cyclops eggs. 

Lepas eggs. 



Brachystola 

spermatogenesis. 

Locusta spermato- 
genesis. 

LocustidcB and 
Acridida, 
spermatogenesis. 

Phrynotettix 
spermatogenesis. 

Oncopeltus 
spermatogenesis. 



Phrynotettix 
spermatogenesis, 



Figure of resting nucleus yet in re- 
constructing process shows vesi- 
cles. 

Experimentally produced karyo- 
meres from single chromosomes. 

A few small vesicles which are male 
and female contributions. 

Chromosomal vesicles in both male 
and female halves, in transition 
to resting stage. 

Vesicles in telophase, but they do 
not prove continuity for they are 
unrecognizable during rest. 

Figures vesicles in four-cell stage. 

Figures show vesicles in early cleav- 
age stages. 

Chromosomal vesicles which became 

fused at one end. 
Chromosomal vesicles which were 

thought to remain distinct. 
Vesicles fuse at one end. 



Vesicles which were thought to re- 
main distinct through resting 
stage. 

No rest between maturation divi- 
sions; chromosomes crowd to- 
gether, like vesicles, without loos- 
ening up; never fuse. 

Vesicles retain their own limits in 
the nucleus in rest. 



Scutigera forceps Vesicles in second spermatocyte; 
spermatogenesis, they fuse; but traces are often 
long retained. 
Cynthia eggs. Vesicles in cleavages. 



Eggs of Fundulus 

and Menidia 

crosses. 
Fundulus and 

Ctenolabrus 

crosses. 



Vesicles which fuse, but believed to 
be distinct though invisible as 
such in rest. 

Vesicles which fuse. 
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Hertwig, G. & P., 


Cobius and 


Vesicles in telophases which are 


Arch. f. Mikr. Anat., 


Crenilabrus 


thought to be signs of degenera- 


84, 1914. 


crosses. 


tion. 


Van der Stricht, O., 


Triton eggs. 


Vesicles formed by looping of chro- 


Arch, de Biol., 12, 




mosomes; figures of resting nuclei 


1892. 




suggest traces of vesicles. 



(b) Chromosomal Continuity. 

Chromosomal individuality has been so often argued of late 
years that a renewal of the discussion seems an almost trite and 
needless repetition. However, in the light of the facts here 
brought forth it may not be out of place to review the present 
status of the question. It must be understood that no argument 
is made that chromosomes are directly transmitted from one cell 
generation to the next as identities; that conception has long 
since been abandoned for it has been shown to be inadequate. 
Rather the argument is that the new chromosomes arise from the 
same structural substance as the old, a theory of genetic con- 
tinuity. One prophase chromosome and only one arises from 
the substance of a single one from the preceding division. It 
is such a theory which is the subject of this discussion. 

The hypothesis of chromosome individuality dates back to 
Rabl ('85) who "concluded that the chromosomes do not lose 
their individuality at the time of division, but persist in the 
chromatic reticulum of the nucleus" (Wilson). He thought 
that the disappearance of the chromosome in the reticulum was 
only apparent, for he could recognize in the reticulum of the 
salamander nuclei portions corresponding to the chromosomes. 
The reticulum is formed by the outgrowth of processes, secondary 
and tertiary, from the chromosomes which while fusing on the 
neighboring chromosomes, nevertheless, maintain their own 
identity. 

That Rabl's view regarding the persistence of the chromosomes 
has not found general confirmation is indicated by the following 
quotation from Wilson, who, in discussing the theory of chromo- 
some individuality 1 remarks "that in vast majority of cases 
the identity of the chromosome is wholly lost in the resting 
nucleus and the attempts to identify them through the polarity 
or other morphological features of the nuclear network have, 

1 The Cell, p. 300. 
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on the whole, been futile. It is, therefore, an abuse of language 
to speak of a persistent individuality of the chromosome." 

There is, however, a great mass of evidence in favor of a 
view of chromosome individuality or rather, since there is so 
little evidence of actual chromosome persistence as unchanging 
and identical bodies during the resting stage, the hypothesis of 
genetic continuity of chromosomes. The fact that almost in- 
variably the same number of chromosomes emerges from the 
resting nucleus that went into it, Boveri's studies of abnormal 
variations in the early development of Ascaris eggs, Zur Strassen's 
observations of the giant embryos of Ascaris, the previously men- 
tioned discoveries of the independence of maternal and paternal 
chromatin in hybrid eggs, the constant recurrence of chromosomes 
in the same form and even position, e. g., in root tip cells of Yucca 
(Clemens Miiller) and in Ascaris eggs (Boveri), their gradation in 
size invariably repeated in certain insect germ cells, the history 
now well known of the accessory chromosome, which retains its 
identity from one cell generation to the next, the recent studies 
which have shown clearly the homologies of chromosomes other 
than the accessory as well as their independent behavior, and 
finally the correlation of the results of recent studies in genetics 
with such a behavior on the part of the chromosomes, all these 
points constitute strong inferential evidence in favor of a theory 
of chromosome continuity. 

Chromosome continuity is a theory as applied to resting 
nuclei only. In the mitotic stages the facts are clear; the 
chromosomes are distinct bodies which behave as units and it is a 
general observation that those of one cell are homologous with 
those of others in the same organs and in general in the same spe- 
cies. It is only in the interkinesis that the facts partake in any 
way of the nature of a hypothesis and admit of differences of 
interpretation regarding the point here discussed. In this state 
it is difficult or impossible to recognize chromosomes as distinct 
entities and accounts which seek to distinguish them throughout 
rest have been and must be received with great caution. Adverse 
criticisms of the theory have been based upon claims of faulty 
technique, faulty observation, upon obvious objections to a hy- 
pothesis of strict individuality (which is impossible both in a 



276 A. RICHARDS. 

chemical sense where two phases exist in the same cell, and where 
there must be interaction between the constituent parts of the 
system, and in a mathematical sense of unchangeableness) and 
to the more deeply grounded objection that the process is one of 
dynamic character and is not subject to morphological explana- 
tion. 

Mathew's objection is perhaps the most significant of the 
first group. He says "All so-called nuclear stains of basic 
nature except the mordanted stains as iron hgematoxylin com- 
bine with nucleic acid. Cytologists in following chromatin and 
chromosomes may be following only the inert skeletal material 
of the nucleus while the active albuminous material is entirely 
neglected since it does not gel or stain with basic dyes." Yet 
significance must attach to the constant recurrence of these 
structures whether they are of skeletal nature or otherwise, and 
to the fact that chromosome structures reproduce themselves and 
have done so indefinitely. If they are not more than skeletal in 
nature, they are at least the manifestations of the "protein or 
basic" and perhaps more active parts of the cell, and the corre- 
lation is so close that their behavior is no less significant. 

Fick's objections as Wilson has pointed out refer only to the 
strict interpretation of individuality which is not supported by 
the evidence and which is no longer held by cytologists in general. 

With regard to the morphological method of attack as one 
means of studying dynamic problems more is to be said in defense 
than against. The nucleus is, indeed, "a dynamic system," as 
one of the chief critics of the continuity hypothesis has pointed 
out; and the process by which it reproduces itself is of all bio- 
logical phenomena the best example of a dynamic process. Yet 
a dynamic process whose basis is not material, indeed not morpho- 
logical, is only with difficulty thinkable. In whatever may be 
the final terms of our thinking, chromosomes, chromomeres, 
molecules or ions, we deal in the end with structure and con- 
figuration ; and this fact must make us hesitate in any attempt to 
detract from the significance of chromosome structure and con- 
tinuity. We may believe consistently that the chromosome is a 
continuing structure, and that its correlations with processes of 
heredity are even so close as to be causal, without forgetting that 
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its functions and behavior are dynamic. Child has pointed out 
with great propriety that "instead of being the basis the chromo- 
some is itself a problem of heredity." We no longer think of 
chromosomes as ultimate units of structure or the unreducible 
cause of heredity processes. It is true that the heredity proc- 
esses have been merely pushed farther back into the cell for 
explanation ; but even then, a distinct step has been taken if the 
correlation can be traced as in Drosophila, between body char- 
acters and chromosomes; and a more complete dynamic explana- 
tion of the processes, along with that of chromosome structure 
and behavior, can only be eagerly awaited. Dynamic processes 
are of course at the basis of all biological functions; with the 
physical structure of the organic body they do their work, and 
new facts, if real facts, must be comprehended in the larger 
dynamic system. Biology is now well launched out in the 
attempt to find dynamic solutions to its problems, and mor- 
phology including cell morphology still has contributions to make 
to the attempt. It is difficult indeed to understand the struc- 
ture of a mechanism without some knowledge of its function, 
but it is equally difficult to appreciate a structureless function. 
Of interest from the standpoint of chromosomal independence 
are the observations now being carried on by Chambers on the 
micro-dissection of the living cell. It appears from this work that 
there is gradually being established from the living material a 
confirmation of the general principles of cell structure and be- 
havior as worked out on fixed preparations. The fact that 
certain structures as polar radiations, are not visible in the living 
cell and are present in fixed cells, perhaps due to injury or pre- 
cipitation caused by the fixing process, is not an argument 
against their significance since they occur constantly and in 
precise relations to other structures. If not significant in them- 
selves they are at least manifestations of processes which lie 
more deeply in the cell. Of particular interest here is the 
observation as yet unpublished of Dr. Chambers, of which he 
kindly permits mention to be made here, that in grasshopper 
spermatocytes the telophasic chromosomes are to be found in the 
vesicular condition. When single grasshopper chromosomes are 
removed and allowed to grow in plasma they develop into round 
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vesicles which by puncturing with the needle can be made to 
collapse. 

From the work of many cytologists there has gradually ac- 
cumulated a great mass of inferential evidence for chromosomal 
continuity which is well known, and the general nature of which 
was mentioned earlier in this paper. The form and size relations 
of chromosomes, the behavior of the sex chromosomes, which 
can be followed from one generation to the next, the homologous 
character of somatic chromosomes, certain chromosomes not cor- 
related with sex (according to the work reported by a number of in- 
vestigators, e. g.,"by Wilson and by Carothers) , all of these facts can 
be understood only with the greatest difficulty on any other basis 
than that of continuity of structure. A very recent case is Wen- 
rich's finding that in Phrynotettix there exists a pair, "B," whose 
architecture is constant for all individuals studied, and another 
pair, "A," which is recognizable "through all stages from sperma- 
togonia to spermatids." This case is very clear and of great 
importance. 

Vejdovsky's ingenious theory is of interest in relation to my 
observations, although I do not find that the chromosome 
behavior of Fundulus tallies with his descriptions of observations 
upon which he bases his theory. He holds that the old chromo- 
somes produce anlagen from which the new ones arise. As each 
organic individual comes from the anlage in the female organs, 
so do the chromosomes also arise from anlagen. The old chromo- 
somes produce only anlagen for the new generation and the 
formation of the latter sets in with the beginning of the new cell. 
This anlage is the chromonema which gives rise to the two sub- 
stances of which chromosomes consist, chromatin and linin. 
Each chromosome begins its existence with a spiral chromatin 
thread while the linin substrate of the old thread is lost to the 
anlage of the "Kernenchylem." 

Reference must be made to the bearing of genetical work on 
the doctrine of the significance of chromosomes. The results of 
the great mass of recent work in this field demands as a practical 
necessity that chromosomes be treated as if they are actually 
persistent individuals, and the genetical behavior of heredity 
characters is being steadily brought into line with chromosomal 
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behavior as a more thorough-going knowledge of the latter is 
obtained. It is a noteworthy fact that those cases where 
heredity does not seem to conform to the expectation based upon 
the behavior of chromosomes are usually cases where the chromo- 
somes are small, numerous and imperfectly known, and that in 
general the difficulties in comparing the two sets of facts have to 
a large extent disappeared with increasing knowledge. 

The significance of hybridization experiments for the doctrine 
of chromosome continuity has been repeatedly pointed out, and 
a single case will serve to illustrate it. Federley crosses different 
species of the moth Pygcera in which the diploid and haploid 
chromosome numbers are as follows: P. anachoreta, sixty and 
thirty; P. curtula, fifty-eight and twenty-nine; and P. pigra, 
forty-six and twenty-three. In whatever cross was made of 
these three species the chromosome number of the hybrid was 
the sum of the two haploid sets that went in. According to 
Federley the chromosomes preserve their continuity through 
many generations of foreign cytoplasm. 

Evidence that there is chromosome continuity in plants is 
quite abundant, as may be seen for example, from the reviews of 
Stout and of Wenrich. Only the main trends of the evidence 
need be mentioned here. First of these are the findings of 
Rosenberg, Overton, Lundagard and others that in the somatic 
cells of a considerable number of plants there occur in the resting 
nuclei chromatic bodies of the same number as the chromosomes 
during metaphase : these bodies enlarge directly into the prophase 
chromosomes. To certain other types of plant nuclei the views 
of Gregoire and his school apply. According to this idea the 
chromosomes as they pass to the poles become vacuolated, or 
alveolized, often forming in the resting nuclei reticulate bands 
which later are transformed into a spiral thread, the prophase 
chromosome of the next division. Of especial interest because 
of the very suggestive similarity of the method by which chromo- 
somes are formed in Fundulus, is the view of Bonnevie resulting 
from the study of both plant and animal cells, Allium and Ascaris. 
She believes that there is genetic continuity of chromosomes al- 
though there is no identity between those of different mitoses: 
from the substance of each chromosome at the end of its life 
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however, there arises endogenously the new prophase chromo- 
some. The old chromosome is an earlier existing "endogen" 
for the foundation of the new. She regards the chromatic sub- 
stance as the persistent continuing portion, while the achromatic 
substances between cell generations are lost. My observations 
on Fundulus bear out the main facts of this conclusion, although 
the details of the process differ. 

It remains finally to inquire whether any significance attaches 
to the fact that the conditions described in this paper occur in 
tissues that are dividing rapidly. In all cases where persistent 
chromosomal structures are found the period of interkinesis is 
comparatively short; the question may be raised therefore 
whether in cells in which the interkinesis is of long duration the 
fusion of the vesicles is not more complete and the continuity 
perhaps lost. It seems to the writer that this is probably not 
the case, although the latter cells may require a more delicate 
technique and more close observation to discover that the vesi- 
cles are persistent entities. The fact that there is no resting 
period intervening between the maturation divisions and that 
the chromosomes in this case persist from one mitosis to the 
next in itself argues for the view of continuity elsewhere. We 
may look upon this discrete nature of these chromosomes as a 
manifestation of a condition that is general for cells and is 
merely emphasized in this particular case. A somewhat similar 
principle is that of a catalyzer, which is not able to initiate 
a reaction, but merely to hasten one that ordinarily takes place 
at a much slower rate. A second reply to the question of the 
significance of the above mentioned fact is that usually cells 
which divide very slowly are not of hereditary importance since 
those cells which bear the hereditary qualities usually divide 
with fair rapidity. 

Summary. 

The chromosomes in the eggs of Fundulus can be traced from 
the metaphase of one cell generation through all the stages of 
mitosis and interkinesis as continuous structures which give 
rise to the prophase chromosomes of the next mitosis. As they 
pass toward the poles in the anaphase they gradually loosen up, 
showing their constituent chromomeres, and finally form vesicles 
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which come together in the telophase. Although they are closely 
applied to each other in the resting nucleus, they still maintain 
their unity of structure. When the nucleus begins the next 
division the new chromosomes are produced endogenously, each 
within the substance of one of the old vesicles which persists 
until the new chromosome is well formed. Thus there is clearly 
a continuity of substance from the old to the new metaphase 
chromosome. These observations establish clearly the genetic 
continuity of the chromosomes for this case and the evidence 
in general is so strong that the fact may be held as of wide ap- 
plication. The preceding account gives in detail the facts as ob- 
served in the mitoses of Fundulus eggs, a general summary of 
the occurrence of chromosomal vesicles and the relation of other 
cases to the present one, and finally a general statement of the 
present status of the theory of genetic continuity of chromosomes 
with the main points of evidence for it. 

REFERENCES. 

This list includes only references not given in the table on page 272 citing the 
occurrence of chromosomal vesicles. 
Bonnevie, K. 

'08, 'n Chromosomenstudien I., II. and III. Arch. f. Zellf., Bd. I., II. and VI. 
Boveri, Th. 

'88 Die Befruchtung und Teilung des Eis von Ascaris megalocephala. Jena, 
1888. 
Boveri, Th. 

'09 Die Blastomerenkerne von Ascaris megalocephala und die Theorie der 
Chromosomenindividualitat. Arch. f. Zellf., 3. 
Carothers, E. Eleanor. 
'13 The Mendelian ratio in relation to certain orthopteran chromosomes. 
Jour. Morph., 24. 
ChUd, C. M. 

'11 The method of cell division in Moniezia. Biol. Bull., XXI. 
Conklin, E. G. 
'oi The individuality of the germ nuclei during the cleavage of Crepidula. 
Biol. Bull., II. 
Conklin, E. G. 

'02 Karyokinesis and cytokinesis. Jour. Acad. Nat. Sci. Phila., 12. 
Federley, H. 

'13 Das Verhalten der chromosomen bei der spermatogenese der Schmetter. 
linge. Zeit. Abst. Vereb., IX. 
Gregoire, V. 
'06 La structure de l'element chromosomique au repos et en division dans les 
cellules v£getales. La Cellule, XXIII. 



282 A. RICHARDS. 

Herla, V. 

'93 Etude des variations de le mitose chez l'ascaride megalocephale. Arch. d. 
Biol., XIII. 
Lundegard, Henrik. 

'12 Das Caryotin in Ruhekern. Arch. f. Zellf., 9. 
Mathews, A. P. 

'IS Physiological Chemistry. William Wood & Co., N. Y., p. 176. 
Muller, Clemens. 
'09 Uber Karyokinetische Bilder in den Wurzelspitzen von Yucca. Jahrb. 
Wiss. Bot., XLVII. 
Overton, J. B. 
'05 Ueber Reduktionsteilung in der Pollenmutterzellen einiger Dikotylen. 
Jahrb. Wiss. Bot., XLII. 
Rabl, C. 

'85 Ueber Zellteilung. Morph. Jahrb., X. 
Rosenberg, O. 

'04 Ueber das Individualitat der Chromosomen in Pflanzenreich. Flora, 
XCIII. 
Stout, A. B. 
'12 The individuality of the chromosomes and their serial arrangement in 
Carex aquatilis. Arch. f. Zellf., 9. 
Van der Stricht, O. 

'98 Le formation des duex globules polaires et l'apparition des spermacentres 
dans l'oeuf de Thysanozoon. Arch, de Biol., T. 15. 
Vejdowsky, F. 

'n Zur Problem der Vererbungstrager. B6hm. Gesell. Wiss., Prag. 
Wilson, E. B. 

'09 Studies on chromosomes, V. The chromosomes of Metapodius. Jour. 
Exp. Zool., VI. 
Zoja, R. 
'9S Sulla independenza della cromatina paterna e materna nel nucleo della 
cellule embryonale. Anat. Anz., XI. 
Zur Strassen, O. 

'98 Ueber die Riesenbildung bei Ascaris-Eiern. Arch. Entw., VII. 



284 A - RICHARDS. 



EXPLANATION OF PLATE I. 

These figures were all drawn with the aid of a camera lucida and Leitz two mm. 
objective with twelve compensating ocular (except figure sixteen as noted below). 
They are reproduced here at a magnification of a little more than eighteen hundred 
diameters. 

Fig. i. F9 X Fa" normal; fifth cleavage division. Metaphase plate of which 
the chromosomes of two levels only are shown. Stage of maximum condensation 
of chromosomes. 

Fig. 2. F9 X Cd 1 . Both radiated for three minutes before feitilization; 
second cleavage division. The beginning of chromosome division and first signs 
of separation of chromosomes are shown in this part of metaphase. 

Fig. 3. F9 X Ccf; eggs radiated for fifteen minutes before fertilization; 
second cleavage division anaphase. The loosely formed chromosomes show in- 
creased size, the linin membrane and the chromosomes. 

Fig. 4. Fa" X Ccf; sperm radiated for fifteen minutes before fertilization; 
second cleavage division; chromosomes in similar condition to Fig. 3. 

Fig. 5. F9 X Cd 1 ; sperm radiated for three minutes before fertilization. 
The beginning of the vesiculation of the chromosomes. Liquid is being taken 
into the linin sac which in consequence swells up. A few of the chromosomes 
from both ends of the anaphase spindle are shown. 

Fig. 6. F9 X Cd 1 ; eggs radiated fifteen minutes; from one pole of anaphase 
of second cleavage. Same process carried farther. 

Fig. 7. F9 X Cd 1 ; both radiated three minutes; third cleavage division. A 
section through one pole of anaphase. All chromosomes are vesicles, showing no 
fusion, no condensation. The swelling process is still proceeding. The arrow 
points to the position of the sphere. 

Fig. 8. F9 XCcf; both radiated three minutes; fifth cleavage division, 
telophase. A somewhat oblique polar view. Nuclear division completed, but 
cytoplasmic not yet fully accomplished. Chromosomal vesicles further swollen, 
but quite distinct. 

Fig. 9. Same material as Fig. 8. Telophase from one end of an incompletely 
divided fifth cleavage spindle. A so-called "reconstruction stage," with no sign 
of fusion of vesicles. 

Fig. 10. Same material and stage. The aster at the right end is drawn in 
position from next section. The distinctness of the chromosomal vesicle at the 
side is particularly to be noted. 
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EXPLANATION OF PLATE II. 

Fig. ii. Same material and stage as preceding. Similar conditions shown. 
Rest of nucleus in next section. 

Fig. 12. Same. It is to be noted that the division of the sphere has already 
taken place for the next mitosis. 

Fig. 13. F9 X Cd\ normal material; condition of nucleus before the first 
cleavage division showing the distinct vesicles. Dotted line marks the area for- 
merly occupied by this nucleus, shrinkage in preparation for ensuing mitosis having 
already occurred. 

Fig. 14. F9 X Ccf; radiated for three minutes after fertilization. A nucleus 
from one-cell stage. 

Fig. 15. F9 XC(?; both radiated for three minutes before fertilization. 
Typical resting nucleus of second cleavage mitosis. 

Fig. 16. F 9 X Co"; drawn with 6 objective and 4 ocular to show change in 
cell polarity. Blastula stage; upper cell is ectodermal; chromosomal vesicles 
shown in outline. Original axis was in line AB. With the shifting of the position 
of the spheres in telophase the axis of the upper cell came to line in line CD and 
that of lower in line EF. 

Fig. 17. F9 XCcf; eggs radiated for fifteen minutes before fertilization. 
Beginning of prophase of second division. Vesicles all distinct, showing a very 
definite polarity. Chromatin granules uniformly small and well distributed. This 
cannot be interpreted as merely a tangential section showing lobations, for the 
next section shows quite the same conditions. 

Fig. 18. F9 X Fcf; from slide loaned by Miss Pinney as are Figs. 19, 20, 
21 and 23. First cleavage similar to Fig. 17. 
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EXPLANATION OF PLATE III. 

Fig. 19. Pure Fundulus material. First step toward chromosome formation 
is shown in the condensation of chromatin granules on vesicle walls leaving the 
centers of the vesicles relatively empty. 

Fig. 20. Pure Fundulus material. Further condensation and beginning of 
new chromosome as a row of granules, chromomeres, extending out into the center 
of the vesicle. Drawn as nearly as possible at one level. 

Fig. 21. All chromatin granules now formed into the new chromosome anlage. 
But the vesicular area can yet be distinguished. Only one level drawn. 

Fig. 22. F9 X Fcf; radiated three minutes after fertilization. Prophase of 
third cleavage, showing distinctly old vesicular walls, and also new chromosomes 
already formed within. Certain of the vesicles show walls especially clearly. 
Only one level drawn. 

Fig. 23. From slide belonging to Miss Pinney. Third cleavage. The only 
case observed showing the splitting of the chromosomes. The condition of spindle 
and asters suggest that this splitting may be precocious. 

Fig. 24. F9 X F cf ; radiated three minutes after fertilization. Sixth cleav- 
age prophase, oblique section. Traces only of the old vesicular walls are left while 
the astral rays are making their way into the chromosomes which are more con- 
densed. 

Fig. 25. F$ XFcf; normal. Fourth cleavage, late prophase. As usual, 
only part of chromosomes are shown. Spindle formation completed and chromo- 
somes are condensing and forming the equatorial plate. 
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EXPLANATION OF PLATE IV. 

Figs. 26 to 29 are from a grastrulation stage of F9 X Co"; sperm radiated 
fifteen minutes before fertilization, by which the sperm chromatin was killed so 
that it took no further part in development. 

Fig. 26 shows the central spindle forming across one side of the nucleus. 

Fig. 27 is a later stage showing the central spindle half dividing the nucleus. 
Not female and male parts, for the sperm's contribution of chromatin was killed 
as shown in Fig. 29, an anaphase in which all chromosomes are of the Fundulus 
type, and in Fig. 30, which is a cross-section of such a nucleus showing the groove 
through which the central spindle passes. 
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